We describe the design, implementation and on going evaluation processes of "NukaBot", a system built to realize Human to Microbe Interaction, aimed to assist production of fermented food. Our system senses, records and analyzes in real time the fermentation process inside a "nukadoko", a traditional method to produce vegetable pickles in Japan that involves a highly complex network of microbes. The flora of a nukadoko mainly consists of lactic acid bacteria, yeasts and gram-negative bacteria. The novelty of our system lies in providing an intuitive user interface that lets its user chat with a virtual persona attributed to the nukadoko. The NukaBot thus enables non-specialists to discern the complex dynamics of the microbial communities within a nukadoko in daily situations.
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Fermentative Bacteria and Human

Symbiosis with a Dynamic Microbiome
Nukadoko is a popular traditional form of fermented food production in Japan. It consists of a bed of rice bran, mixed with salt and water. Billions of lactic acid bacteria and other microbes are implanted inside a nukadoko, through the vegetables placed inside. The lactic acid bacteria metabolize the glucose of the vegetables to produce lactose, which adds a unique sour taste to the resulting pickles.
The microbiome of a nukadoko is a highly complex system where various kinds of bacteria interact dynamically. Although lactic acid bacteria such as Lactobacilli and Lactococci are considered principal contributors to the generation of tasty pickles, it is also known that a sufficiently aged nukadoko (from 2 weeks to 100 years) contains a considerable amount of gram-negative bacteria such as Enterobacter, and natural yeasts, which are said to create a deeper flavor to the pickles.
The biodiversity of nukadokos is an important characteristic when compared with Western pickling culture. Traditional European pickles such as the French cornichon are immersed in vinegar and are designed to keep the same taste homeostatically. In contrast, the taste of nukadoko pickles changes dynamically depending on its synthetic status, usually on a daily basis. The maintainer of a nukadoko needs to stir the rice bran periodically (at least once a day) in order to inhibit the excessive proliferation of aerobic bacteria. Should the aerobic bacteria become dominant, a nukadoko can easily rot, resulting in a clearly unpleasant odor. 
Designing Human-Microbe Interaction Design Motivations and Principles
We can define nukadokos as risk-sensitive systems, where human intervention not only plays a decisive role to their survival, but also enables them to generate rewards for humans in the form of delicious food. Since taste is a subjective value that varies from person to person, it is impossible to define an universal good taste for nukadokos.
Based on these premises, we started to conceptualize the idea of NukaBot, an information and communication system that assists humans in keeping their nukadokos in good condition. The system should not be a dictating or an automated machine that would break the relationship between human and nukadoko: rather, it should serve as a mediator that contributes to the well-being of both sides, and especially empowers human cognition so that the maintainer gains more awareness of her nukadoko's dynamics.
Hypothetical Aging Model
Before assembling the system, we have reviewed past biological scientific research on fermentation in nukadoko, in order to devise a hypothetical model for us to evaluate the aging process of a nukadoko by our own.
Based on Imai et al. 1983 's analysis on the aging of nukadoko and Nakagawa et al. 2001 's study on the shift of lactic acid bacteria, we have classified 3 different stages of a nukadoko's growth: at first, the nukadoko resembles a salted preservation container, where the fermentative activities are low; secondly comes the pickling stage, when the lactic acid bacteria become dominant and the generated nukazuke tastes similar to European pickles; thirdly, the nukadoko enters a stage where both aerobic and anaerobic bacteria become active, and the flavor gains much depth and richness.
Continuous Experiments
To test the hypothesis, we have assembled 3 nukadokos equipped with affordable sensors and electronic circuits to record various data. For the period of October 2018 to February 2019, we have logged the pH (potential of hydrogen), the ORP (oxidation-reduction potential), internal and external temperature, humidity and moisture, electric conductance, and 8 different types of gases (NH3, CH4, C4H10, NO2, C2H5OH, CO, C3H8, H2), for every minute. All sensed data are stored in a cloud relational database, and we crafted a visualization dashboard online (Figure 2 ).
Figure 2: Example of sensor data graph (pH and ORP)
During the course of the experiment, we used the collected data as proxies to microbial activities. pH values indicate increase and decrease of lactic acid bacteria; ORP values reflect activities of aerobic (positive ORP) and anaerobic (negative ORP) bacteria (Higashi et al., 1985) . Electric conductance is used to approximate change in salinity. Methanol and ethanol show existence of alcoholic fermentation by yeasts. Propane, butane, ammonia are signs of gram-negative aerobic bacteria. Data were collected both in fermenting and in rotting states.
Data Analysis and System Implementation
We conducted a Principal Component Analysis using 173 data points of 15 sensor values collected during the period of November 2018 to January 2019, with 3 data points per day on average. Figure 3 shows the resulting data obtained from 1 st and 2 nd PCs. The Proportion of Variance for the 1 st and 2 nd PCs were 0.366 and 0.189. We found that ORP has a strong influence in the 1 st PCs. We conjectured that there are clusters of sensors with similar data patterns throughout the evolution of a nukadoko's status.
Figure 3: Principle Component Analysis of sensor data
Based on these sensor values, we have implemented a preliminary algorithm to evaluate the health status of a nukadoko at any moment. We connected a voice recognition system with a speaker to the NukaBot, so that it can alert human when it needs assistance and answer simple questions from human: it can verbalize prediction of taste (sourness/bitterness), the current stage of growth (salting, pickling, nukadoko), and whether there is a need to stir the rice bran (Figure 4 ). Additional explanatory materials (PCA results and videos) can be accessed at the following URL: http://infinityloops.xyz/nuka/alife/add.html.
Figure 4: Schematics of the Human-Microbe Interaction
Future Outlook and Discussions
We have so far implemented one complete NukaBot for the occasion of an exhibition at the XXII Triennale di Milano. Currently, we are continuously collecting data from 1 NukaBot located in Milan, in addition to 3 nukadokos with sensors placed in each co-author's respective home in Japan.
We need to reflect sensory assessment labels into our analysis to show correlation between data and actual status of nukadokos. Furthermore, the human interaction with the NukaBot also needs to be evaluated. How does her perception of the innumerable yet invisible microbes change? Does it yield more affection to the nukadoko? How can we design a valid protocol between human and microbes, so to realize a sustainable symbiotic relationship between them? We believe that our development leads us to a broader discussion about design approaches in representing and understanding the coevolution of humans and microbes.
